Hypotheses for the cause of population cycles have focused on the role of intrinsic mechanisms such as spacing behaviour and extrinsic mechanisms such as parasitism and predation. This paper examines the interaction between the two dominant hypotheses in the cycles of red grouse, parasitism and spacing behaviour. The influence of the caecal nematode, Trichostrongylus tenuis, on male aggressiveness was investigated using two approaches. First, the territorial behaviour of a group of male grouse experimentally treated with an anthelmintic to reduce parasite intensities was compared with a control group with natural intensities of infection. Second, the response of treated and control males to a novel conspecific territorial intruder were recorded using playback tests. Treated males, with reduced levels of parasitism, won significantly more territorial contests than control males and produced more aggressive behaviour in response to the playback recordings. These results show that parasite removal enhanced aggressive behaviour. Implications of these results on red grouse population dynamics are discussed.
I N T R O D U C T I O N
One of the main issues in population ecology has been to identify the relative importance of intrinsic and extrinsic mechanisms in the regulation of animal numbers. Much of this work has concentrated on the role of these mechanisms in the cyclic fluctuations of northern-temperate vertebrate species, following the pioneering work of Charles Elton (1924) . Surprisingly, after more than 75 years of detailed work there is no clear consensus about the causal mechanism of cycles in any single species. Essentially there are two schools of thought about the mechanisms that cause the cyclic fluctuations. First, that extrinsic factors such as trophic interactions, as captured by the classic Lotka± Volterra model (Case 2000) , are the driving mechanism. Second, that intrinsic mechanisms such as selection for genotypes or changes in spacing behaviour influence aggressiveness and consequently density which in turn can lead to cyclic changes in abundance (Chitty 1960 (Chitty , 1967 .
While both theoretical and empirical aspects of these two basic hypotheses have been examined in species such as snowshoe hares (Krebs et al. 1995) and rodents (Hanski et al. 1993) , the differences between these hypotheses has been highlighted in detailed studies on red grouse, Lagopus lagopus scoticus (Lath.) Hudson et al. 1998) . Work on the intrinsic hypothesis has been concentrated in north±east Scotland where experimental implants of testosterone in wild grouse increased territory size of male grouse and reduced grouse density . Aggressiveness peaked after a decline in abundance (Watson et al. 1994 ) and these changes were related to rates of recruitment into the breeding population (Watson 1964; Watson et al. 1994) . In contrast, research on trophic interactions has focused on the relationship between grouse and the parasitic nematode, Trichostrongylus tenuis, in northern England. Experimental studies have shown that parasites reduced female breeding production (Hudson 1986b) and, together with the distribution of parasites within the host population, accounted for the cycles observed (Dobson & Hudson 1992; Hudson et al. 1992b) . Moreover, experiments at the population level have shown that a reduction in parasites reduced the extent of population declines, leading workers to suppose that parasites were necessary for these cycles (Hudson et al. 1998) .
The contrast between these findings is interesting. One explanation is that the mechanisms are spatially different and some evidence supports this (Hudson 1992; Moss et al. 1993) although reanalysis of some early data implies Ref marker  Fig marker  Table marker  Ref end   Ref start parasites may also be important in north-east Scotland (Hudson et al. 1992b) . A second explanation is that the two hypotheses are not mutually exclusive, and there are interactions between parasites and behaviour (Folstad & Karter 1992; Hillgarth et al. 1997) . Indeed, since the intrinsic hypothesis is centred on the aggressiveness of males, whilst the extrinsic hypothesis focuses on parasiteinduced reduction in female breeding production, both factors could be playing a role with parasites influencing behaviour and behaviour influencing parasite uptake. This paper investigates aspects of the interaction of parasites and behaviour in this system by examining the influence of the caecal nematode on male aggressive behaviour. If there was a synergistic interaction between parasites and behaviour then we can predict that when populations are declining, increased aggressiveness should coincide with high parasite infection and so we may expect parasites to accentuate aggressiveness. To test this hypothesis we undertook parasite manipulation experiments and recorded the aggressiveness of birds through behavioural observations and against playback calls.
M E T H O D S

Capture and treatment
Male red grouse were captured at night during early winter in each of the two years of study (Feb 1997 , Feb 1998 using techniques developed by Hudson (1986b) . On capture, the male was fitted with a necklace-type radio collar, which ranged in mass from 14.9 to 17.9 g, to allow subsequent relocation. Males were alternately allocated to anthelmintic-treated and control groups. The former were administered with a 2-mL oral dose of Nilverm Gold Worm Drench (3% Levamisole Hydrochloride, 30 mg mL 71 ) to remove nematode parasites (Hudson 1986a) . Control males were given an equivalent volume of water and all birds in the experiment were handled to a similar extent.
Aggressive behaviour
Territorial behaviour was monitored daily in March and April throughout the study during the peak period of aggressive behaviour soon after dawn (Jenkins et al. 1963; Watson & Jenkins 1964; Hudson 1992) . Behavioural observations took place from a car at distances that did not appear to influence the birds' behaviour. When a territorial dispute was observed the`winner' and`loser' of each dispute was recorded. The`winner' was defined as the male that held his ground whilst the`loser' invariably walked or flew away from the confrontation.
Playback experiment
In 1998, a playback experiment was undertaken five weeks after males had been allocated to treatment groups. A subsample of radio-tagged, anthelmintic-treated (n = 10) and control males (n = 8), which were not on adjacent territories, were compared in the playback experiment.
Male song flight calls were recorded at dawn in the final two weeks of March 1998 during the period of peak spring display rates (Hudson 1992) . A TEAC DAT P-20 tape recorder and a microphone (Model: AKG-C4608) mounted in a parabolic reflector were used to record the song. Calls were recorded from nonexperimental birds so that on playback each territorial male experienced the call of a novel individual.
Playback experiments were undertaken between 6 and 10 April 1998, 10 days before the onset of egg laying when mate guarding, territory defence and mating behaviour peaked (Hudson 1992) . The experiment took place during the peak period of territorial behaviour soon after dawn (Jenkins et al. 1963; Watson & Jenkins 1964; Hudson 1992) . Males from each experimental group were randomly allocated to a time of day and observation date within this period, to control for diurnal and seasonal changes in behaviour.
A waterproof loudspeaker (Model: Mylar weather & splash-proof, mounted cone speaker) was placed within each male's territory, and its distance from the male before the recording was played was noted. The speaker was left in the territory for at least five minutes before the recording was played. The same prerecorded male flight call was played to males of each group for 3 min 30 s at constant amplitude on a single occasion to avoid habituation to the recording.
Following playback experiments, the time taken for males to respond, number of males producing song flights and their ranked behavioural response on a scale of 1±5 (Table 1 ) was recorded by the same observer.
R E S U L T S Aggressive behaviour
Anthelmintic-treated, radio-tagged males won significantly more disputes than radio-tagged control males (1997: w 1 2 = 16.04, P 5 0.01 1998: w 1 2 = 5.72, P 5 0.05 Fig. 1) . Thus, parasite reduction increased the likelihood of individuals being successful during territorial contests.
Playback experiment
Response to playback All males responded to the playback recording. A oneway ANCOVA in GLM revealed no significant difference in the time taken for males of the different groups to react when time of day and observation date were controlled for (F 1,17 = 0.8, P = 0.385). Significantly more anthelmintic-treated males (80%, n = 10) performed song flights in response to the playback tape than control males (25%, n = 8) (Fisher's Exact; P = 0.029). Anthelmintic-treated males produced significantly higher ranked behavioural responses to the playback recording (Mann± Whitney U; W = 123.0, P = 0.006, n 1 = 10, n 2 = 8 Fig.  2 ). These results indicate that anthelmintic-treated males responded more aggressively than controls when they encountered a novel intruder on their territory.
Song degradation
A one way ANOVA in GLM showed no significant difference between groups in the distance of males from the speaker at the start of the playback experiment (F 1,17 = 0.11, P = 0.745). Since all males, regardless of experimental group, responded to the playback recording, and since there was no difference in response times between experimental groups (F 1,17 = 0.8, P = 0.385), song degradation was unlikely to have influenced results.
D I S C U S S I O N
According to extant hypotheses either trophic interactions (Dobson & Hudson 1992; Hudson 1986a,b; Hudson et al. 1992a,b; Hudson et al. 1998) or changes in male aggressiveness determined through variations in testosterone ) and differential expression of aggressiveness towards kin and nonkin (Moss & Watson 1991; Watson et al. 1994; Matthiopoulos et al. 1998) can explain grouse population cycles. This study examined the hypothesis that there may be a synergistic interaction between the two hypotheses and parasites could increase grouse aggressiveness. The experiment demonstrated that males with reduced parasite infections won more territorial disputes than controls suggesting that parasite reduction enhanced, rather than reduced, aggressive behaviour. The subsequent playback experiment supported these findings, showing that the playback recording elicited more intense displays from parasite-reduced than control males. As such, we can refute the hypothesis of a synergistic interaction between parasites and aggressiveness. Indeed, during a population decline with high parasite burdens we would expect the parasites to reduce aggressiveness of territorial males. These results are consistent with predictions from the trophic interaction hypothesis (Hudson et al. 1992a,b; Dobson & Hudson 1992) , which would predict that at peak population densities parasite intensities are increasing causing parasite-induced reductions in body condition. This, in turn, reduces egg production and the expression of nonmaintenance behaviours such as aggressiveness. In contrast, the spacing hypothesis would predict that at peak population densities male aggressiveness is increasing irrespective of the intensity of parasite infection (Watson et al. 1994) . However, the results presented here demonstrated that aggressiveness is reduced by a T. tenuis infection, suggesting that contrary to expectations of the spacing hypothesis, the parasites would dominate a population decline and reduce the relative expression of male aggressiveness. While these findings support the parasite hypothesis they do not refute the role of spacing behaviour in population declines when intensity of infection is low.
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Limitations of our methodology need to be considered. The playback experiment assumed that male responses are representative of their relative aggressiveness (Lewis 1986) . However, the test situation can be considered artificial since each male was presented with an audible cue and no supporting visual cue. Some males may require a visual stimulus to reinforce the observation of a territorial intruder, particularly as a flying male usually accompanies the call (Watson & Jenkins 1964) . Since all males responded to the recording, the study was randomized, and there was no difference in the time taken to respond, these factors seem unlikely to have influenced our results and suggest that the methods permitted a useful test of the hypothesis.
Our study does not address the importance of differential expression of aggressiveness towards kin and nonkin (Waldman 1988) . Watson et al. (1994) indicated that territorial males had lower rates of boundary disputes with neighbours that were close kin compared with those that were not closely related. Indeed, mathematical models have succeeded in showing how such social processes might drive population cycles (Mountford et al. 1990; Matthiopoulos et al. 1998 ). These models, however, do not consider that male aggressiveness itself may be modified by a parasite, as demonstrated here. To examine the relative importance of kin-tolerance and parasites on territorial behaviour, male playback calls of both related and unrelated individuals should be played to both control and parasite-reduced males.
Other aspects of the interaction between parasites and behaviour also need to be considered, for example whether testosterone levels could interact with the immune system, which in turn may influence levels of parasitism (Folstad & Karter 1992) . For example, an alternative interaction hypothesis is that high testosterone levels in the male may lead to high levels of infection in both males and females leading to reduced fecundity and a population decline. Experimental studies have illustrated the importance of sex hormones on various behavioural components such as calling rate (Ketterson et al. 1992) , agonistic behaviour and social rank (Briganti et al. 1999) . Indeed, Hannon & Wingfield (1990) demonstrated that testosterone-implanted male willow ptarmigan (Lagopus lagopus) were more aggressive, gave higher frequency agonistic displays and more intense responses to introduced, tethered males than controls. These patterns of response are similar to those observed in the current study, suggesting that parasite-reduced males had greater levels of circulating testosterone. Similar modifications in aggressiveness were observed in testosterone-implanted male red grouse (Watson & Parr 1981; Moss et al. 1994) . The resultant increase in aggressiveness led to expansion of testosterone-implanted males' territories whilst territory size declined in control males, and some left the study area . These changes in spacing behaviour and population size were taken to support the spacing behaviour theory (Moss & Watson 1984) . However, given that our results demonstrated that parasite reduction enhanced aggressive behaviour, it is clear that only factorial experiments, manipulating parasite intensities and testosterone levels, can unequivocally determine their relative importance as potential mechanisms responsible for red grouse population cycles.
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